Spatial variations of the laser mode and pumping rate are incorporated into the theory of conventionally pumped lasers that produce squeezed light. Both a quantum-mechanical theory and a heuristic statistical model are used. While variations in the laser mode are found to have a negligible effect on squeezing, variations in the pumping rate are significant. The maximum attainable squeezing is always reduced compared with the spatially uniform case. However, resonantly enhancing a low-power pump in a Fabry-Perot cavity, rather than a ring cavity, may give better squeezing.
I. INTRODUCTION The theory of amplitude-squeezed light generation by conventionally pumped lasers is well studied [1 -7] . A simple criterion for laser squeezing is provided by an heuristic statistical model of the transitions in the lasing atoms: the pumping rate should approximately equal a spontaneous decay rate [3 -5] . This condition appears to be achievable in practice [7] .
In this paper the effect of nonuniform spatial structure on the squeezing is analyzed. Previous work has assumed that both the pumping rate and laser mode are constant in space; however, real lasers will generally have both transverse and longitudinal spatial structure. Since the matching of the pumping rate to a decay rate is crucial for squeezing, spatial variations in the pumping rate are potentially important.
We first analyze the effects of spatial structure on a three-level incoherently pumped laser. Both the linearized P-function theory [8, 9] and the statistical model are used. The latter agrees well with the P-function theory, but can only accommodate spatial variations in the pumping rate. The statistical approach allows a relatively simple analysis which we also apply to the four-level coherently pumped laser. Our conclusion is that spatial variations do not greatly alter the squeezing from that predicted by spatially uniform models. Nevertheless 
II. QUANTUM-MECHANICAL P-FUNCTION TREATMENT
In this section we extend the usual P-function theory to include spatial variations of the laser mode and pumping rate. To keep the emphasis on the effect of spatial variation the theory is kept as simple as possible while retaining the laser squeezing.
The level scheme of our laser atoms is shown in Fig. 1 .
Only the essential spontaneous decay is considered. The atoms are incoherently pumped at the rate P and lasing occurs between the upper two levels~2) and~3). The spontaneous decay from the lower lasing level~2) occurs at the rate y.
The laser consists of N of these atoms, grouped into M groups of N atoms so that spatial variations may be analyzed. Each group occupies a volume element of space over which the laser field and pumping rate are assumed to be constant. The master equation for the reduced density operator p for this system may be derived by standard system-reservoir techniques [10 -12] , and is given in Ref. [2] r, =r",+r"j.
Equations (10) 
The amplitude-squeezing spectrum of the cavity field is then (5X(co)5X( -co) ) = g 2g, [ [12, 16] the squeezing spectrum of the field emitted by the laser, assuming significant output coupling through one mirror only, is V(co)=1+21~(5X(co)5X( -co)) . (16) The predictions of this formula are considered in Sec. IV.
III. STATISTICAL MODEL
Laser squeezing is a consequence of sub-Poissonian population dynamics in the individual laser atoms [3 -5] .
In this section a heuristic statistical model of the pumping process is extended to the case of spatially varying pumping rates.
Since it is a Poissonian process the mean time for a spontaneous emission from one atom in the lower lasing level~2) is t = 1/y, and the variance in the emission time is b, t = t =(1/y) . However [5, 7] . Incoherent pumping may be modeled as an inverse spontaneous decay [10] , giving a pumping time mean and variance of t =1/P/ and ht =(1/PJ ) . Since the spontaneous emission and pumping are statistically independent processes the mean time for the combined processes is t = 1/P +2/y, and the variance in the time is ht, =(I/PJ ) +(2/y) . Fig. 2(a) . We choose the cross-sectional area of the uniform mode to be that of the fiber core A =~R .
Since we are considering an incoherently pumped laser it may appear inconsistent to use a sinusoidal longitudinal mode associated with resonating the pump in a Fabry-Perot cavity. However, the incoherently pumped three-level laser is the limit of a coherently pumped fourlevel laser with sufficiently rapid decay out of the upper pump level. The combined coherently pumped transition and spontaneous decay is then well approximated by a single incoherently pumped transition. Figures 2(a) and 2(b) are plots of the (almost) zerofrequency squeezing spectral density calculated using Eq. (16) of the linearized P-function theory. In the spatially uniform case the best squeezing V = 0.5 occurs when the pumping rate is matched to the spontaneous emission rate P =0. 5y. An interesting feature of the figures is that a spatially nonuniform pumping rate can increase the squeezing for a fixed integrated pumping rate PI . However the maximum squeezing irrespective of p™p rate is not increased. Note that the dimensionless integrated pumping rate parametrizing the figures, Pl /( y m. R ), is normalized by the spontaneous emission rate y and by the laser medium cross-sectional area~R .
Enhanced squeezing is possible with nonuniform spatial pumping because of the associated spread in rates about the uniform pumping rate Pl/(mR ). For a small but sufficiently large pumping rate there is some region of matching. At low pumping rates matching occurs to-0. wards the mode peaks, while for high pumping rates it occurs towards the troughs. The peak pumping rate with Gaussian variation is twice that of the uniform case, and sinusoidal longitudinal variation increases it by a further factor of 2.
Low pumping rates are likely to be of most practical interest; see Fig. 2(b) . [5] , and h " ped four 1 " P'ng rat as a maximu 'mum squeezinng of V(co 0)= 
